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Abstract: Green walls have previously demonstrated the capacity to reduce particulate matter (PM),
noise pollution, and temperature conditions in manipulative experiments and computational models.
There is, however, minimal evidence that green walls can influence ambient environmental conditions,
especially taking into account the variable environmental conditions encountered in situ. The aim
of this paper was to determine if green walls have a quantitative effect on ambient air quality in
an urban environment. Ambient PM, noise, and temperature were recorded at 12 green wall and
adjacent reference wall locations across a dense urban centre, over a 6-month period. The results
indicated that PM levels and temperature did not significantly differ between the green wall and
reference wall sites. Ambient noise at the green wall sites, however, was significantly lower than at
the reference wall locations. It is suggested that mechanically assisted, or ‘active’ green wall systems
may have a higher PM and temperature reduction capacity, and if so, they will be more valuable for
installation in situ compared to standard passive systems, although this will require further research.
Keywords: green walls; air quality; noise pollution; urban heat island; traffic density
1. Introduction
The proportion of people living in dense urban areas increased from 34% in 1960 to 54% in 2014 [1],
with living in cities increasingly correlating with a range of health problems [2]. Diminishing air
quality in dense urban environments, in particular, is an emergent health problem [3–5]. It has been
suggested that more than 1.78 billion people have inhaled polluted air over the last decade [6], with an
estimated 7 million deaths from air pollution exposure in 2012 [7]. Air pollution is comprised of a
combination of gases and solid and liquid particles, and is sourced particularly from vehicle exhaust,
dust, and industrial emissions [7]. Smaller sized particles penetrate deeply into the lungs and alveolar
regions, making them especially dangerous to human health [3,8–10]. Furthermore, as urban areas
become increasingly dense, issues such as excess heat and noise are produced [11], which negatively
impacts wildlife, vegetation, and human populations; altering local climate and increasing building
energy demands [7,12]. As such, technologies that reduce exposure to, and mitigate the effects of
the factors associated with dense urban environments—air pollution, the urban heat island effect,
and noise pollution—are paramount.
The capacity of plants and their associated growing substrates to effectively clean the air, produce
cooler ambient temperatures, and reduce ambient noise has been demonstrated [13]. The amount of
space for green areas such as parks within cities, however, is rapidly declining [13]. It is thought that at
least 80% of buildings within cities will still be in use by 2050 [14], making the implementation of green
walls onto pre-existing building surfaces a space-efficient urban greening initiative. Vertical greenery
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utilises plants which are grown in small pots, planter boxes, or specially designed surfaces, and are
hung vertically on walls [15]. Green walls are thought to be capable of positively impacting the
urban environment in many ways including: mitigating air pollution [16–18], decreasing surface
temperatures [19–23], and reducing noise [24].
Vegetation acts as a particulate sink, [25], due to plant surfaces acting as a source of turbulence and
increasing turbulent diffusion, influencing PM diffusion and sedimentation [26,27]. Green walls have
been proposed as an appropriate tool to reduce PM via deposition without altering the air exchange
between the street canyon and the air above it [28]. Past research has shown a positive impact of
vegetation on ambient air pollutant removal. Irga et al [29] recorded lower PM concentrations in
areas of Sydney which had abundant tree vegetation; while Al-Dabbous and Kumar [30] noted that
roadside vegetation had a significant, wind dependent effect on nanoparticle concentrations in the UK;
and [31] detected significant effects of Spanish peri-urban forests on ambient air quality. PM reduction
by green walls, and an overall improvement in local air quality has also been noted in previous
studies [8,10,16,32,33]. However there remains some uncertainty regarding the capacity of plants to
effectively remove ambient PM pollution. Wind strength, the presence of buffer zones, the distance
from the pollution source, and particle quality all affect the distribution of pollutants [34]. Leaf area
index, humidity and street canyon geometry are also influential on vegetation pollutant removal [35,36],
making it difficult to draw general conclusions, as these factors may vary both temporally and spatially.
The number of people exposed to noise pollution in urban areas continues to increase due to
the expansion of transport, residential areas, and infrastructure [37]. Noise pollution is common and
more frequent in dense urban environments due to the close proximity to an array of continuous
noise emitting sources [38], including transport (road, rail and air), industry, construction, public
works, and neighbourhood related noise [37]. Of these sources, it has been suggested that >70% of
unwanted sound in urban Australia is from road traffic [39]. Exposure to excessive noise can have
negative impacts on human health and well-being [12]; as it disrupts sleep and work productivity,
limits cognitive function, contributes to mental illness, and can even cause cardiovascular disease [40].
The hard surfaces of street canyons reflect sound, increasing overall urban ambient noise [41].
Unlike normal building surfaces such as steel, concrete, and glass [7], plant structures can absorb
the noise that would otherwise be reflected between buildings [42]. This effect is due to mechanical
vibrations of plant elements induced by sound waves, leading to dissipation by converting sound
energy to heat [43–45]. Additionally, the thermo-viscous boundary layer at vegetation surfaces assists
with sound reduction [24], and sound energy can be effectively reduced by the destructive interference
of sound waves [46]. Sound can also be reflected and scattered (diffracted) by plant trunks, twigs,
branches, and leaves [46]. The presence of soil or soil-like substrates can lead to destructive interference
between the direct contribution from the source to the receiver and a ground-reflected contribution [24],
an effect referred to as the ‘acoustical ground effect’ or ‘ground dip’ [24]. Plant roots and litter lead to
an acoustically very soft (porous) soil [46], resulting in a distinct shift towards lower frequencies [47].
This ground dip is especially effective at limiting typical engine noise frequencies (approximately
0.1 kHz) [46]. Leaves, alternately, produce a sound absorption effect predominantly in the high
frequency range (>1 kHz), whilst the wooden parts of vegetation (i.e., branches, twigs and stems) have
a sound absorption effect in the mid frequency range (0.5–1 kHz) [48]. Thus, whilst the capacity of
vegetation to absorb noise has been documented, it is of interest whether these effects can be detected
in ambient noise pollution proximal to green walls, across various locations and several months.
The heavy use of glass facades, concrete sidewalks, steel surfaces, and asphalt roads lead to the
radiation of heat rather than absorption [7]. Thus, urban areas tend to have much higher temperatures
than surrounding rural and peri-urban areas, this phenomenon being termed the ‘urban heat island’
effect [7]. Increases in urban heat can result in increased air pollution levels, altered rain and wind
conditions, increased energy demands, poor run off water quality, increased cooling costs, heat related
illnesses, and mortality rates [7]. Urban vegetation can help reduce ambient air temperature through
evapotranspiration and shading [49,50], due to leaves absorbing ambient heat energy through the
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process of photosynthesis and shading [51]. As urban heating effects are highly dependent on the
geographical, morphological, and climatic conditions of an area [52], it is important to examine the
effect of green walls on temperature reductions over a range of spatial and temporal environments to
uncover their true potential.
Most green wall studies have been limited to Europe and Asia, resulting in insufficient testing
across different green wall systems and varying climatic and pollutant conditions [15,53]. Although the
pollution reduction potential of green walls has been documented [16,33,36], evidence for air pollution
reduction by green walls in the built environment at a local scale is limited [27]. Additionally, most
studies on green wall PM removal assess removal on a leaf scale, followed by modelling to generalise
findings to an ambient scale [15], which have rarely been empirically validated. The current work
investigated ambient PM, temperature, and noise conditions at 12 green wall and spatially matched
reference wall locations across Sydney over a 6-month duration, and thus aimed to empirically quantify
the effectiveness of existing green walls at ecosystem service provision.
2. Materials and Methods
2.1. Measurement Sites
Twelve sites within the urban Sydney region were selected based on the presence of structurally
similar outdoor green walls. The sites varied in location, use, and pollutant conditions (Table 1; Figure 1;
Appendix A Table A1).
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Table 1. Test site location descriptions
Site
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Sydney, Australia has a population of 5.2 million and lies on a coastal lowland plain between the
Pacific Ocean and elevated sandstone tablelands. Sydney’s climate is warm and temperate, and rainfall
is fairly evenly distributed throughout the year. Sydney city’s air quality is generally comparatively
good, although PM exceeds the national standards on occasion, especially during bushfires. Noise
pollution in Sydney is of concern, with Sydney having the highest traffic related noise exposure
amongst Australian cities.
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2.2. Measurement Method
Air quality, traffic density, noise and temperature assessments were conducted monthly for
6 consecutive months at all sites between June 2017 and November 2017. The order in which sites were
sampled was randomised amongst months to eliminate systematic variation. Samples were taken at
green walls and reference walls on the same visit, within 30 min of one another. Samples were not
taken on rainy days, as rainfall removes PM from the air [54], and no bare soil was present within 30 m
of the sampling locations so as to not artificially spike ambient PM concentrations. Average monthly
weather variables were collected for each site using Australian Bureau of Meteorology data to account
for weather dependent correlations with in situ conditions. Green wall area and plant number were
also recorded for inclusion in the statistical analysis.
At each site, a reference wall was selected based on the following criteria: the reference wall
was exposed to the same traffic pollution source as the green wall; the reference wall had similar
building characteristics to the green wall, and the reference wall was within 10 m of the green wall.
These criteria were used in an attempt to eliminate confounding influences effecting the variables
between wall types.
PM measurements were conducted using a DustTrack II 8532 laser densitometer (TSI, Shoreview,
MN, USA; sensor type: 90◦ light scattering, accuracy: ±5%). At each site, time weighted averages
for two PM size fractions (particulates <10 µm in diameter—PM10; and particulates <2.5 µm in
diameter—PM2.5) were collected between 10:00 a.m. and 3:00 p.m. at both green wall and reference
wall locations at each site. At each site location and for each wall type, one 3 min time weighted
average sample was collected (an average of each air reading taken per second for 3 min). This was
done once per month for a 6-month duration. Samples were taken at 1.5 m above ground, and 0.5 m
from the walls.
Traffic density was predicted to be the predominant PM source at all sites. Most sites were
situated near residential properties, academic institutes or highways; away from industrial sources of
pollutant emissions other than minor infrastructure work. Traffic density was quantified at the closest
intersection to the sites for a 30 min duration, each month. Days of the week and times at which air
quality and traffic density tests were conducted were limited to weekdays between 10:00 a.m. and
3:00 p.m. to avoid peaks caused by work and school commuters and randomized amongst sites and
months [29].
Noise and temperature readings were taken at four point sources across both the green and
reference walls at each site using a Digitech Multifunction Environment Meter (sensor type: thermo
and audio sensor; accuracy: ±1.2%). The temperature of the ambient air was measured 0.5 m from
both wall types. The average and standard error were then determined from the point samples.
2.3. Statistical Analysis
Mean values were calculated for PM2.5, PM10, noise, temperature, and traffic for each month of the
study at each site. For use in subsequent analysis, differences between the reference walls and the green
walls (henceforth ∆ values) for PM2.5, PM10, noise and temperature were calculated as the (reference
wall value—green wall value), so that higher values of ∆ indicate higher PM, noise or temperature
levels at reference walls relative to the green walls. Prior to analysis, ∆ PM2.5 and ∆ PM10 were square
root transformed to satisfy the assumptions of the models, with a negative sign given to untransformed
values less than zero. After transformation, observations retained their original sign (i.e., positive
values were not made negative, and vice versa), while decreasing the deviation of the ∆ PM values.
To test if a systematic difference in ambient PM concentrations existed between the green and
reference walls, one-tailed paired-sample t-tests were used. Following this, the relationship between
∆ PM2.5 and ∆ PM10 was tested using a linear mixed model regression (LMM) with ∆ PM10 as the
response, and ∆ PM2.5 as the predictor variable, with a random slope between ∆ PM2.5 and ∆ PM10 and
a random intercept fitted for each site. Site level differences in ∆ PM were then examined, by fitting a
linear model to the ∆ PM data and using site as predictor (categorical fixed factor, 13 levels). Using a
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joint test, the coefficients produced by this model were then tested for differences from zero. Finally,
to understand the relationship between PM and environmental factors, multiple regression models of
green wall PM2.5 and PM10, and ∆ PM2.5 and ∆ PM10 were built using traffic density, wind, humidity,
green wall size, and the number of plants used in the green walls as predictors. Here, LMMs were
again employed, with a random intercept fitted for each site.
Using a similar approach to that for PM, overall differences in noise and temperature between
green and reference walls were first tested using one-tailed, paired t-tests. Site level differences from
zero in ∆ noise and ∆ temperature were then tested by fitting a linear model to each response using site
as predictor (categorical fixed factor, 13 levels). Where the joint test of these models was significant,
the coefficients from the models were tested for differences from zero to determine which site or sites
generated the difference.
All analyses and visualisation were performed in R 3.6.1 (R Core Team 2014, Vienna, Austria),
using the packages lme4 [55], lmerTest [56], emmeans [57], and car [58]. Where LMMs were used
and models did not include categorical terms, degrees-of-freedom were approximated using the
Satterthwaite method for t-tests, while LMMs containing categorical terms used Wald Chi-square tests
to generate ANOVA tables.
3. Results & Discussion
3.1. Differences in PM Concentration between Wall Types
The ambient PM concentrations at green wall and reference wall locations are presented in Figure 2.
Average PM concentrations at the green wall sites were not significantly lower than those recorded
at the paired reference walls for PM2.5 (t71 = −1.10, p = 0.1; Figure 2a), nor PM10 (t71 = −0.50, p = 0.3;
Figure 2b). Additionally, no significant association between ∆ PM2.5 and ∆ PM10 was found (t10.4 = 1.93,
p = 0.08; Figure 2). The common method for determining PM reductions in previous research has been
computational modelling, making comparisons with the current in situ results difficult. To the authors’
knowledge, there are no standard methodological guidelines surrounding in situ PM monitoring,
and qualifications for what is required by ‘reference walls’. As such, it is unknown whether the 10 m
distance between the green wall and reference wall locations was sufficient to observe PM reductions
specific to the green walls. Furthermore, it was not appropriate to compare green and reference walls
that were any further than 10 m apart as both traffic source and building type altered too significantly at
these greater distances, which would have confounded PM comparisons. It is nevertheless suggested
that future studies use greater distances between wall types if it is possible to maintain representative
conditions over such distances. Whilst it is very likely that there would be a strong relationship
between green wall PM efficiency and distance from the wall surface, the current work standardized
sampling at 0.5 m from each wall type as distances further than this would have resulted in monitoring
in the middle of busy roads at many sites. PM deposition however, has been previously found to be
unrelated to differing heights [33] and as such PM was monitored at normal chest height.
This result was surprising, as previous green wall studies have predicted high pollutant removal
capacities [27,35,59]. This removal capacity is thought to be due to leaves creating turbulence, forcing
compaction between aerosolized PM particles, leading to deposition and eventual accumulation of PM
on the leaf surfaces [27,60]. Whilst some PM accumulation was apparent in the current study from
visual inspection of the leaves, it is clear that the level of PM removal exhibited had a general effect on
proximal air quality that was too small to be detected using the current method, as has been the case in
some previous work [61].
The inability of our methods to detect PM removal may have been related to the characteristics of
our reference samples. Solid walls have pollution dispersion patterns that may be of similar magnitude
to green walls [62,63], with structures such as noise barriers and low boundary walls being shown
to have quantifiable effects on proximal air quality [64]. It is also possible that the proximity of the
green and reference walls at all sites was such that the influence of the green walls on ambient air
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quality was sufficient to affect the matched reference sites. It is thus suggested that further studies
aim to examine the spatial extent to which air pollution mitigation effects range from their sinks,
especially when novel systems are being tested. Alternatively, before–after studies may be of value, as
has been proposed previously [27]. Controlling for temporal effects with such methods, however, will
be challenging. Due to this limitation, some previous studies have used wind-tunnel and/or modelling
trials to replicate before-and-after comparisons e.g., [65]; albeit with limited ability to replicate key in
situ influences such as weather and traffic patterns [27].
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Currently, claims for significant pollution removal by green walls are matched by many that
propose that the effect of urban vegetation on local air pollution mitigation has been exaggerated [66–70].
Thus, there clearly remains uncertainty regarding the pollutant removal capacity of green walls, and as
such, further studies are required to identify the true role vegetation plays on local air pollution
mitigation [71].
Whilst the current study detected no significant PM removal by green walls, previous controlled
laboratory trials [72–75] have shown that PM, volatile organic compounds (VOCs) and CO2 can be
removed at a considerably greater efficiency with the conversion of passive green walls to active
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systems. Active green wall systems utilise assisted aeration using some form of mechanical fan to
actively force air through the plant root and substrate membrane [76]. This leads to an increased
surface area for PM adherence, leading to PM entrapment within the substrate and plant root matrix,
thus filtering the air more effectively than through the simple diffusion mechanisms on which passive
systems are reliant [77–79]. Therefore, it is suggested that future studies focus on the potential effect
active green wall systems have on ambient PM conditions in situ.
Site-specific PM patterns were investigated to determine if any site-specific PM sources were
influential on the relationships observed between PM at the green walls and reference wall locations
at each site. This analysis indicated that there was no significant difference from zero found in
∆ PM2.5 amongst sites (F12,60 = 0.72, p = 0.7; Figure 3a), with similar results for ∆ PM10 (F12,60 = 0.52,
p = 0.9; Figure 3b). These findings are likely due to the relatively stable pollution conditions within
central Sydney.
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Table 2. Results from multiple regression LMMs of green wall PM2.5 and PM10, ∆ PM2.5, and ∆ PM10.
Bold p values indicate significant relationship.
Response Terms Estimate SE df t Value p
Green wall PM2.5 Traffic 0.281 0.101 7.8 2.782 0.03
Max wind speed −0.139 0.077 62.2 −1.811 0.07
Humidity 0.465 0.194 62.3 2.391 0.02
Green wall area −1.198 1.214 6.4 −0.986 0.40
Plant number 1.173 1.125 6.4 1.042 0.30
Green wall PM10 Traffic 0.23 0.081 8.6 2.847 0.02
Max wind speed −0.098 0.073 64.5 −1.334 0.20
Humidity 0.197 0.185 64.6 1.062 0.30
Green wall area −0.389 0.955 7.4 −0.407 0.70
Plant number 0.333 0.885 7.4 0.376 0.70
∆ PM2.5 Traffic −0.02 0.009 66 −2.299 0.03
Max wind speed 0.017 0.008 66 2.076 0.04
Humidity 0.002 0.021 66 0.081 0.90
Green wall area 0.079 0.101 66 0.778 0.40
Plant number −0.071 0.094 66 −0.758 0.50
∆ PM10 Traffic 0.004 0.007 66 0.628 0.50
Max wind speed −0.004 0.007 66 −0.497 0.60
Humidity 0.02 0.018 66 1.131 0.30
Green wall area −0.053 0.088 66 −0.604 0.50
Plant number 0.05 0.081 66 0.62 0.50
3.2. Differences in Noise and Temperature Conditions between Wall Types
Ambient noise was significantly lower proximal to the green walls relative to their paired reference
sites (t71 = −3.55, p = 0.0003; Figure 5a), while no significant difference in temperature was found
between treatment groups (t71 = −1.34, p = 0.1; Figure 5b).
Whilst the capacity of green walls to reduce urban noise is still not well understood [7], it is
known that plants can absorb noise more effectively than most hard surfaces, which reflect noise of
all wavelengths [24,81]. Previous modelling studies have predicted the noise reduction capacity of
green walls, estimating that they can reduce 2–5 dB (A) of single point source noises [82], and up to
1.6 dB (A) of road traffic noise [83]. The modelling study conducted by [84] predicted that green walls
could reduce emergent and traffic noise by up to 10 dB (A). Klingberg et al. [71] found that traffic noise
reduction was proportional to depth of vegetation through which the sound passed, with reductions of
0.6–2.3 dB recorded, a lower range than the site/month average of 1.34–6.40 dB detected in the current
work. Interestingly, the maximum noise reduction observed in the current study was 12.13 dB, with
this extreme value likely due to the specific and unusual noise type experienced in that sample (ocean
related noise, i.e., waves crashing) compared to the predominantly traffic related noise at the other sites.
No significant temperature differences were observed in the current study between the green wall
and reference walls, a surprising finding as plants are known to have an air cooling capacity resulting
from evapotranspiration. However, whilst [85] recorded temperature reductions of 0.8–4.8 ◦C from
an active green wall, and most indoor green wall studies have demonstrated significant effects on
temperature [86,87], outdoor temperature reduction studies have produced variable findings. The work
conducted by Alspach and Göhring [88], has indicted that green walls induced temperature reductions
of up to 10 ◦C, with effects strongest in built environments with a height to width ratio greater than 2,
which includes dense urban cities such as Melbourne and Hong Kong [52]. It is therefore possible
that the building characteristics and unorthodox grid street design of Sydney precluded significant
temperature reductions to be recorded in the current work. Alternatively, [89] noted that peak
temperature reductions more significant than average reductions, with the effect being of most benefit
during extreme heat waves. In the current study, peak temperature reductions were also observed;
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however, the reductions became non-significant when averaged across sites and months. As such,
whilst the green walls within the current study were not effective at consistently reducing ambient
temperatures, they still provided occasional peak reductions over the sampling period, and thus may
provide benefits in variable climates such as those experiences in Sydney’s Summer periods.
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Across sites, it was found that both ∆ noise (F12,60 = 4.82, p < 0.0001) and ∆ temperature
(F12,60 = 3.02, p = 0.002) significantly differed from zero. At the site level, ∆ noise was found to be
significantly greater than zero at four sites (i.e., noise at green wall sites was lower relative to the
reference wall; Figure 6a), while ∆ temperature showed more equivocal results, with one site exhibiting
∆ temperature significantly more than zero, and one other site having ∆ temperature significantly less
than zero (Figure 6b).
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Figure 6. Plots of ∆ noise (a) and ∆ temperature (b). Red points are the individual sites that are
significantly different from their respective reference sites, and blue points are sites where no significant
site-wise differences were observed. Thick black horizontal lines indicate site means, and thin vertical
black lines show the 95% confidence interval of the mean for the sites. The p-value at the top of each
plot is the result from a joint test of model coefficients with the null hypothesis that the sites do not
differ from zero. Sites are sorted on the x-axis by their mean value (highest to lowest) for ease in
interpretation. The solid horizontal line indicates zero on the y-axis, representing equal values of noise
(a) or temperature (b) at the green wall and reference wall.
4. Conclusions
This study assessed the capacity of in situ passive green walls to reduce ambient PM pollution
and noise, and to influence proximal temperature. No significant differences were observed between
PM concentrations at the green wall and reference wall locations across the 12 sites; indicating that
the current passive systems were not capable of reducing PM conditions to a level detectable by the
methods used here. The green wall sites tested in the current study, however, had significantly lower
proximal noise levels compared to the reference wall sites, indicating that the plants appeared to
be absorbing ambient noise. Proximal ambient temperatures at the green wall and reference wall
locations were not significantly different. It is thus possible that some previous studies that have used
computational modelling procedures to predict major temperature and PM reductions from green
walls may have overestimated the in situ effects.
Author Contributions: Conceptualization, N.P., F.T., and P.I.; Methodology, N.P., F.T., and P.I.; Software, D.K.;
Formal analysis, D.K.; Writing—original draft preparation, N.P.; Writing—review and editing, N.P., F.T., and P.I.;
Supervision, F.T. and P.I. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Acknowledgments: The authors would like to thank Technical staff: Gemma Armstrong, Sue Fenech,
Rod Hungerford Paul Brooks, and Helen Price. Research assistants: Ember Liu, Jarrad Climpson, Lincoln de Haas,
Tash Bartels, Camilo Perez, Kate Barker, Max Colvin, Quentin Liutai, Edward Hunt, Sarah Walkom,
Thomas Churchin, Cadan Jones, Bernice Datu, Hamna Ahmad, Mackenzie Llyod, Cara Gray, Danyon Dowton,
Cooper Rispin, Nicholas Hubbard, Kristel Senarillos, Betty Mekonnen, Divya Padavala, Victor Rae, Jarrod Briggs,
Sarah Williams, Sandra Sabbagh, Koray Bugdayli, Ashley Bali, Yumna Rehman, Tom O’Neil, Bhavika Kumar,
Int. J. Environ. Res. Public Health 2020, 17, 5084 13 of 19
Jeevita Tan, Betina Ferreira, Priyeshi Fernando, Liam Foster Constable, Elena Mel, Rachel Wong, Julia Fyvie-Neill,
Samuel Relf, Therese Pace, Carolina Sanchez, and Riley Hughes. Peter J. Irga is financially supported by the UTS
Chancellor’s Postdoctoral Research Fellowship scheme (CPDRF), facilitated through The Centre for Technology in
Water and Wastewater (CTWW).
Conflicts of Interest: The authors declare no conflict of interest.
Appendix A
Table A1. Test sites with a visual aid.
Site Number Site Location Picture
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Table A1. Cont.
Site Number Site Location Picture
4 Lane Cove
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Site Number Site Location Picture
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